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[http://dx.doi.org/10.1063/1.3698394] Graphene, a two-dimensional sp 2 -bonded allotrope of carbon, has many unique properties that make it an interesting material for electronic device applications. [1] [2] [3] [4] [5] [6] A particular characteristic that has been of interest lately is the quantum capacitance effect, which is especially prominent in graphene due to its very low density of states (DOS). This property, while being studied by numerous groups, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] has only recently been proposed as the operational mechanism of an electronic device. 19 In Ref. 19 , it was proposed that a metal-oxide-graphene capacitor could be utilized as the variable capacitor in a passive LC sensing circuit, where the high mobility in graphene would enable high quality factor (Q) to be achieved. Such sensors have the potential to be much smaller and have higher tuning range than resonators based upon micro-electro-mechanical systems (MEMS). 20, 21 In order to create a practical graphene varactor, large-area graphene 22 must be transferred onto a local metal gate electrode, upon which thin, high-j dielectric material has been deposited. In addition, a multi-finger geometry must be utilized in order to allow high capacitances to be achieved while minimizing series resistance. In this paper, we report the fabrication and operation of a graphene quantum capacitance varactor fabricated using a planarized local bottom electrode, HfO 2 gate dielectric, and single-layer graphene grown by chemical vapor deposition (CVD).
The device structure is shown in Fig. 1(a) . The fabrication started by growing 90 nm of thermal SiO 2 on an n-type Si wafer. After patterning the gate resist using optical contact lithography, the SiO 2 was recessed using a buffered oxide etch, followed by evaporation and lift-off of Ti/Pd (10/40 nm). On top of the resulting planarized gate electrode, 20 nm of HfO 2 was deposited by atomic-layer deposition (ALD) at 300 C. Single-layer graphene grown by CVD on a Cu foil was then coated with PMMA and the Cu removed using FeCl 3 . The graphene was then transferred onto the wafer with the local bottom gate electrode using an aqueous transfer process, and the PMMA removed using solvent cleaning. The graphene was then patterned and etched using an O 2 plasma. Finally, contact electrodes to the graphene consisting of Ti/Au (10/100 nm) were patterned and lifted off completing the fabrication process. An optical micrograph of a completed varactor is shown in Fig.  1(b) . In addition to the varactors, standard three-terminal field-effect transistors (FETs) were also fabricated, as well as metal-insulator-metal (MIM) capacitors, the latter of which were used to calibrate the capacitance arising from the HfO 2 dielectric. The Raman spectrum of the transferred single-layer graphene taken immediately after transfer confirmed that the graphene was single-layer.
The device characterization was performed in a Lakeshore Cryotronics open-flow variable-temperature probe station. Before characterization, the sample was baked in vacuum ($10 À7 Torr base pressure) at 380 C for 30 h in order to desorb moisture from the graphene surface. Current vs. gate voltage (I-V) and capacitance vs. voltage (C-V) measurements were performed using an Agilent B1500A semiconductor parameter analyzer at frequencies, f, ranging from 5 to 500 kHz, and using an rms oscillator voltage of 50 mV. No measurable gate leakage was detected in these devices over the range of gate voltages tested, and therefore, the series equivalent circuit mode (C s -R s ) was utilized for the C-V measurement. In addition, the capacitance value of the open-circuit pad geometries averaged about 400 fF for the varactors at 50 kHz, but this value was not subtracted from the results shown in subsequent figures. Measurements on the MIM capacitors confirmed that the HfO 2 dielectric had an equivalent oxide thickness, EOT, of 4.3 nm. where N is the number of gate fingers. Similar characteristics are obtained for frequencies in the range of f ¼ 5-500 kHz, where the slight frequency dispersion is attributed to traps at the HfO 2 /graphene interface. Comparable C-V characteristics were obtained for several other varactors measured on the same wafer. In addition, long gate-length FETs were also measured and showed minimum current that roughly corresponded to the capacitance minimum, strongly suggesting that the capacitance modulation is indeed due to the quantum capacitance effect.
It should be noted that, for the C-V characteristics shown in Fig. 2(a) , the total capacitance is lower than expectations based upon measurements on the MIM capacitors. In addition, the capacitance tuning range is less than expected based upon theoretical expectations for pristine graphene. In order to understand these results, the temperature-dependence of the C-V measurements was explored. Fig. 2(b) shows the C-V measurements for the same device as in Fig. 2 (a) measured at temperatures ranging from 10 K to 380 K. As expected, the capacitance modulation increases with decreasing temperature. The slight shift of the gate voltage corresponding to the Dirac point, V Dirac , toward positive values as the temperature decreases is believed to be due to freeze out of donor-like traps at the graphene/HfO 2 interface. 23 The characteristics in Fig. 2 (b) were reproducible with progressive temperature cycles, with only slight shifts in V Dirac observed on subsequent measurement runs.
An analytical model similar to that utilized by Xu et al. 10 was then utilized to compare the results to theoretical expectations. In this model, the graphene sheet charge density, q, was determined assuming a random potential variation model, where the "unit charge density," q i , in a specific region of the device is given by
where
and
In Eqs. (1)- (3) above, e is the electronic charge, k is Boltzmann's constant, h is the reduced Planck's constant, v F ¼ 10 8 cm/s is the Fermi velocity in graphene, and T is the temperature. In addition, C(…) is the gamma function where j ¼ 1, while E F is the Fermi-level position relative to the Dirac point in the graphene. A random potential variation, dV i , was included and assumed to have a Gaussian distribution with mean value of 0 and standard deviation of r. The charge density in the graphene was then averaged over m ¼ 1000 random samples to obtain the total sheet charge density, The quantum capacitance, C Q , per unit area was then calculated from the sheet charge density using
Equations (1)- (5) establish the interdependence of C Q , q and E F and were solved numerically for given values of T and r. The dependence of q on V g was then calculated numerically by integrating the total capacitance, C TOT , over the applied gate voltage using
Here, C OX is the oxide capacitance per unit area, e 0 is the permittivity of free space, and A is the varactor area.
Equations (1)- (8) were solved and fit to the experimental data of Fig. 2(b) using EOT, r, and A as adjustable parameters. For the fitting, the experimental data at each temperature were shifted such that V Dirac ¼ 0, and the capacitance was normalized to the value at V g À V Dirac ¼ þ2 V, in order to account for the change in the maximum overall capacitance vs. temperature, which is otherwise not accounted for in the model.
The results of the theoretical modeling are shown in Fig. 3(a) . The parameters providing the best fit to the temperature-dependent data were found to be EOT ¼ 6.8 nm and r ¼ 65 mV. (A pad capacitance value of 400 fF was used for the fitting procedure). The fitted EOT value is higher than that obtained from the MIM capacitors, suggesting that an interfacial layer may exist between the graphene and the HfO 2 dielectric. Interestingly, it is found that the standard deviation of the potential fluctuations, r, is lower than the previous reports for graphene. For instance, Xu et al. extracted voltage fluctuations in the range from 72 to 110 mV from quantum capacitance data on top-gated MOS structures with Y 2 O 3 dielectrics and exfoliated graphene. 10 A similar value was obtained by Dröscher et al. using an Al 2 O 3 top-gated gate MOS structure on exfoliated graphene. 8 The fact that our results utilized CVD-grown graphene, material known to contain more disorder than exfoliated graphene, 24 suggests that the bottom-gate configuration may provide reduced potential fluctuations than equivalent top-gate geometries, perhaps due to the lack of covalent bonds between the dielectric and the graphene. 25 The value of A was determined by matching the roomtemperature capacitance at V g À V Dirac ¼ þ2 V to the calculated values using EOT ¼ 6.8 nm and r ¼ 65 mV. A value of 1380 lm 2 was extracted ( Fig. 3(b) ), which is less than the expected value of 1600 lm 2 determined from optical microscopy of the completed devices. This discrepancy is likely due to occasional delamination of the graphene as well as wrinkles that effectively decouple the graphene from the gate electrode. Despite this observation, it is clear that a relatively high percentage of the local back gate is indeed covered by graphene, which is critical for practical applications since varactors used in wireless sensors could require even larger areas. 19 These results represent a significant step toward the ability to use the quantum capacitance effect in graphene for wireless sensing applications. In the future, it would be desirable to utilize thinner gate dielectrics, in order to increase the total overall capacitance, as well as increase the tuning range. Since the current devices with 20-nm of HfO 2 have negligible gate leakage, it would appear that reducing the gate dielectric thickness should be possible, particularly, since the local back gate geometry does not require nucleation of the high-j dielectric on graphene as in top-gated structures. 26 The low disorder potential also suggests that high tuning ratios can be achieved by utilizing thinner gate dielectrics. Further work is also needed to characterize and optimize the high-frequency performance of the varactors. Due to limitations of our current test setup, measurements above a few MHz could not be performed, and further measurements using high-frequency probes at RF and microwave frequencies are needed. Finally, the characteristics of these devices integrated with inductors to determine their properties in tunable resonator circuits needs to be explored.
In conclusion, the operation of a graphene quantum capacitance varactor with a local bottom gate electrode and multi-finger geometry has been described. As a function of gate voltage, the devices show capacitance tuning range of 1.22-1 over a bias range of 62 V at room temperature. Temperature-dependent measurements and theoretical fitting reveal performance consistent with expectations assuming single-layer graphene with random potential fluctuations of 65 mV. Further studies at RF frequencies are needed to extract the varactor quality factor both with and without integrated inductors. These results represent a critical first step in the realization of a device concept that utilizes the quantum capacitance effect in graphene as its principle of operation.
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